Associations between water sources, socio-demographic characteristics and household drinking water quality are described in a representative sample of six coastal districts of Ghana's Central Region. Thirty-six enumeration areas (EAs) were randomly chosen from a representative survey of 90 EAs in rural, semi-urban and urban residence strata. In each EA, 24 households were randomly chosen for water quality sampling and socio-demographic interview. Escherichia coli per 100 ml H 2 O was quantified using the IDEXX Colilert w system and multi-stage regression models estimated cross-sectional associations between water sources, sanitation and socio-demographic factors.
INTRODUCTION
Unsafe water, sanitation and hygiene are responsible for almost 4% of the global total in disability adjusted life years (DALYs), and among high mortality countries almost 6% of the total attributable DALYs (WHO 2002) . This is due to the strong and consistent association in developing nations between unsafe water and hygiene, and infant and child mortality arising from diarrhoeal diseases (Shier et al. 1996; Huttly et al. 1997; Boadi & Kuitunen 2005a) . Recent studies of the mortality transitions in the US in the late 19th and early 20th centuries attribute three-quarters of the infant mortality decline and two-thirds of the child mortality decline to the development and spread of clean water technologies (Cutler & Miller 2005) .
The decade 2005 -2015 was declared the International
Water Decade by the United Nations. The UN alerted policy makers about a 'global water crisis', noting in the 2006 Human Development Report that 2 million children die annually from diseases related to water-borne illnesses, and millions more women and children spend hours just collecting water, restricting their opportunities to do other things (UN 2006) . Additionally, water-borne infectious diseases create more poverty and slow economic growth.
The International Water Decade's goal, to be achieved by 2015, is to reduce by half the proportion of people who regularly obtain their drinking water from unhealthy sources or from far away places. The goal also calls for better access to basic sanitation. doi: 10.2166/wh.2008.057 storage as well as waste disposal.
The purpose of this paper is to examine associations between social and demographic characteristics, water sources, sanitation factors and household drinking water quality in a representative sample of residents of the six coastal districts of Ghana's Central Region, one of the ten administrative regions in Ghana. Although key proximate determinants of water quality such as hand-washing and water storage have been established, this report focuses on more ultimate socio-economic variations between communities and households that contribute to household water quality levels and which may produce health inequalities, such as differences in diarrhoea risk. As infrastructure improvements proceed as part of economic development, increasing attention must be paid to the link between socioeconomic and health inequalities for aetiologic understanding and applied interventions (Braveman & Tarimo 2002; Marmot 2005) .
METHODS

Study setting and population
Our study population resides in six coastal districts of the Central Region, Ghana, namely Komenda-Edina-EguafoAbirem (KEEA), Cape Coast, Abura-Asebu-Kwamankese, Mfantsiman, Gomoa and Awutu-Efutu-Senya1. The coastal belt of the Central Region through Accra to Togo experiences rainfall totals which are atypically drier than most tropical coastal regions. The coast from Cape Coast to Accra has rainfall of around 760 MM (Dickson & Benneh 1994) , compared with Axim, on the southwest coast of Ghana, which receives about 2,160 MM of rainfall. Worldwide coastal areas within the tropical zone experience rainfall totals of not less than 2,030 MM per annum. This unusual dry condition along the coast of the Central Region has given rise to acute water shortages for most parts of the year. To offset the water shortages, boreholes and wells have been sunk in some of the rural communities.
The two major cities within the Central Region are Cape Coast, the regional capital, and Winneba, a city about halfway between Cape Coast and Accra. The water system for Cape Coast was built in 1927-28 to serve the population of the town which at that time was less than 20,000. The water system has not seen any major expansion since it was built in spite of the increase in population and the expansion of the system to nearby settlements. As a result, the pipe-borne water supply in the area is inadequate to meet the demands of the increasing population. The Awutu-Efutu-Senya district (where Winneba is located) and the Gomoa district are among the driest along the coastal zone. As with all the major towns along the coast in Central Region, Winneba experiences water shortages for most of the year.
This area of Ghana is primarily inhabited by the Fante ethnic group (an Akan sub-group linguistically related to the Asante), as well as other smaller groups (e.g. Ewe, Ga-Dangme, etc.). Nationally, the Fante compose about 10% (about 1.7 million people) of Ghana's total population. While Ghana's major sources of foreign exchange are gold, timber and cocoa, economic activities in the study area include fishing, small-scale farming, salt production and some tourism activities (concentrated around the former slave trading castles dotting the Central Region coastline which now operate as museums).
Sample selection
The household water quality study took place with a sample chosen to be representative of the six coastal districts of the Central Region. The representative survey is based on a two-stage stratified sampling design. The Ghana Statistical Service provided a list of enumeration areas (EA) and their population information. We selected equal numbers of EAs in each of our three residence strata (rural, semi-urban and urban) and we compensate for this in our analyses through the use of weights. We chose this design in order to evenly spread the sample across the strata, ensuring that there is sufficient sample size in each strata type. The stratification was done for the six districts, which, when multiplied by the three stratum types, resulted in a total of 18 strata. Within each of the 18 strata, we selected five EAs using probability proportional to size of the EA. Thus, we initially drew a representative sample of 90 EAs, 54 of which were used in earlier survey work in 2002, and the remainder used for this study conducted in 2004.
After we generated our first-stage sample of EAs, survey teams listed all the households in our 36 selected EAs for the 2004 fieldwork. We then randomly selected 24 households from each EA. Survey interviewing teams then conducted the socio-demographic interview with household heads and collected a drinking water sample from each selected household. The target sample was 864 households, of which 749 households were interviewed. Some households refused to give us a sample of their drinking water, resulting in a final sample size of 703 households with both a water sample and a socio-demographic interview. We found no significant differences in the key variables later used in our incremental logistic regression model between those households providing a water sample and those that did not.
Measures
Quality of drinking water
Drinking water samples were collected from the main water vessel in each household. Because many households have multiple water storage vessels (e.g. large vessel outside the structure and smaller serving vessels inside), care was taken to ensure that the water sample came directly from the vessel used to dispense water for immediate consumption. Drinking water (100 ml) was poured into sterile (g-irradiated) plastic containers and stored on ice. The samples were transported from the field to the laboratory in #6 hours. Total coliforms and Escherichia coli were quantified using enzyme-based defined substrate technology (IDEXX Colilert The distribution of E. coli/100 ml H 2 O is adjusted by a natural logarithm because of its right skew. E. coli counts were classified into two categories, 0 -1 and 2 to .1,000 E. coli/100 ml in order to contrast those with relatively safe water and those with contaminated water (Moe et al. 1991) .
Household information
Interviews were conducted by trained local assistants with the head of household about the sources of the drinking water, walking time to usual water source, toilet facilities, This index serves as our indicator of household wealth.
Villages were selected in urban, semi-urban and rural strata but after initial statistical models with the trichotomous residence location variable we combined the semi-urban and rural groups and contrasted that with the urban group.
Statistical analysis
Two types of regression model were performed. Ordinary least squares models were used to determine factors associated with the natural logarithm of E. coli water quality measures. Second, logistic regression was used to estimate the odds of unsafe household water quality, i.e.
. 2 E. coli /100 ml. For both types of regression analysis we estimated four models in stages to allow for inferences about the potential confounding of some of the relationships: the first model included water source and the walking time to the water source; the second model included toilet type; the third added place for waste disposal; and the fourth model included presence of electricity in the home, and urban or rural and semi-urban residence, household size, the socio-economic status (SES) index and ownership of farmland. We also conducted analyses in the sub-sample of households, N ¼ 275, who did not receive their water from a tap to explore the interrelationships of water source and sanitary habits with socio-economic factors.
RESULTS
Based on the original sampling design, one-third of the households in the study sample is urban (population over 5,000), one-third is semi-urban (population between 2,500 and 5,000) and one-third is rural. Over 50% have electricity, and almost half own farmland (Table 1 ).
More than 60% of households get their household water from a tap, almost 10% obtain water from surface water sources and 1% directly from rainwater. About 4% of households obtain water from bottled water or sachets, i.e. small plastic bags sold in shops and on the street Household water from the tap had lower E. coli/100 ml H 2 O compared with all sources except from bottled water and sachets (Table 2) . Water from wells has significantly more E. coli than surface or rainwater. Although few households use rainwater, it has lower E. coli levels than surface water after adjustment for all socio-demographic and sanitation factors. The pattern of associations between E. coli levels and water source remains after adjustment for other sanitation factors, rural/urban residence and household SES factors.
Although the time to walk to a water source is positively associated with E. coli levels, this relationship is attenuated and becomes non-significant after adjustment for sanitary factors and socio-demographic characteristics.
Drinking water from households that use a water closet type of toilet has significantly lower E. coli compared with those who do not use any facility. Households using a pit latrine type toilet also have significantly lower E. coli in drinking water. These associations remain significant after further adjustment for sanitary and socio-demographic factors.
Urban households have lower E. coli levels than rural and semi-urban households. Household size is positively associated, and the household possessions index is marginally negatively associated, with E. coli levels.
The logistic regression models estimated that water from wells is 20 -25 times more likely to be contaminated, i.e. . 2 E. coli/100 ml H 2 O, compared with tap water (Table 3) . Household water collected from surface water sources is also associated with a 4 -5 times elevated odds of contamination. Water from boreholes appears to be more contaminated but this effect disappears with further adjustment for sanitary and socio-demographic factors.
Households with a pit toilet or no toilet facilities have 2-3 times higher odds of contaminated water relative to those with a water seal toilet, even after adjustment for other sanitary and socio-demographic characteristics. Lastly, size of the household is associated with a significant increase in the odds of contaminated water.
In the subsample of 275 households who do not acquire water from taps, E. coli levels are significantly (P , 0.001) lower in water from boreholes, tankers and other sources compared with water from surface sources, but marginally (P , 0.06) higher in well water. Also in that subsample, there was a positive significant (P , 0.05) association between walking time to the water source and E. coli level. Households with no toilet or who use a pit latrine have significantly (P , 0.001) higher E. coli levels relative to those who use a water closet toilet. There were no associations between socio-economic or demographic factors and E. coli levels in the subsample after prior adjustment for water source and toilet type. In this Ghana is independently associated with water sources, human and other waste disposal patterns and sociodemographic factors. The most consistent finding in both the ordinary least squares (OLS) and logistic regression models is the strong independent association between lower water quality and water from wells and surface sources. In addition, in both models, lower water quality is associated with households using a pit toilet or without a toilet altogether, and households which dispose of waste in public bins, the bush or water bodies.
Water sources exert powerful direct influences on water safety and quality in the absence of household interventions to improve water quality (Shier et al. 1996; Steyn et al. 2004; Clasen et al. 2005 Clasen et al. , 2006 Clasen et al. , 2007 Cronin et al. 2006) . Piped water from private or public systems generally has fewer pathogens than surface or well water, which are affected by drainage of human, animal and other wastes, particularly when sanitary waste disposal systems are lacking or poorly maintained. In the OLS model, water from boreholes had significantly higher E.coli levels, but, in contrast, boreholes were not strongly associated with unsafe water in the logistic regression using our criterion of . 2 E. coli/100 ml H 2 O. Previous studies suggest that boreholes often are a better quality source of drinking water relative to wells and surface water (Moe et al. 1991) , and provide safer water during the dry season in Ghana (Shier et al. 1996) .
Rainwater used for household consumption was not significantly different in E. coli levels from tap water, suggesting the potential utility of rainwater collection in areas without water infrastructure improvements. However, we note the very low proportion and number of households, n ¼ 6, who report collecting rain for household water consumption. Because of the cost and waiting time for installation of piped water to households throughout the Central Region of Ghana, and especially in more remote and sparsely settled communities, rainwater collection may represent an alternative or supplementary mechanism for gathering drinking water. Further study is required on how rainwater is collected and stored by households since there is potential contamination of high quality rainwater by dirty house roofs as well as post-collection sanitary habits.
Our findings on the associations of toilet type and waste disposal habits with water quality replicate well-established results from many other studies about sanitary habits and local environmental hygiene infrastructure (Duse et al. 2003; Howard et al. 2003; Cronin et al. 2006) . In our study in Ghana such factors raise the odds of poor water quality,
. 2 E. coli/100 ml H 2 O, by 2-5 times after adjustment for water source and socio-economic factors. This suggests the critical importance of reducing these pathways to contamination of household water through a variety of investments from health education to investment in sustainable waste water and disposal systems (Clasen et al. 2007 ).
Increased walking time to water source was associated with lower water quality but this effect was attenuated to non-significance with the addition of water source, sanitary and socio-economic effects. Nonetheless in the subsample that obtain water from sources other than the tap, walking time is significantly (P , 0.05) associated with higher E. coli levels. This suggests that distance from the water source to the household may increase water contamination regardless of source -perhaps through contamination during transport, or in association with some household sanitary behaviours linked in currently unknown ways to the distance from the source ( Jagals et al. 1999) .
Several household socio-demographic factors are independently associated with water quality, in addition to the clear influence of water source and sanitation factors.
Urban residence is associated with lower E. coli levels, and wealthier households have marginally lower E. coli 
1996; Nyati 2004).
We note that associations between SES and water quality and health are not found in all studies, including among recent refugees residing in Sierra Leone (Clasen & Bastable 2003 ) and a Russian city with deteriorating infrastructure (Egorov et al. 2002) . These exceptions highlight the key role of the overall political and socio-economic context in partially determining the water quality available to households. In some political and economic situations, Region may begin to have access to better water quality, while rural areas may still suffer lower quality water sources.
It will be important to conduct longitudinal studies of water quality as metropolitan regions develop and identify key promoters and impediments to expansion of public and private water systems (Budds & McGranahan 2003) .
This study has several strengths, most importantly the careful sampling of the six coastal districts of the Central Region of Ghana, one of ten national administrative regions. This yielded a large representative survey sample which allows us to describe with confidence patterns of water quality and its association with water sources, sanitation and household socio-demographic factors. The water collection techniques and bioassay provided a reliable and valid standard way to assess E. coli levels in household water. We also used multi-stage OLS and logistic regression modelling to systematically determine the independent influence of various factors on E. coli levels and on water safety using a consensus criterion (Moe et al. 1991) . The specification of water sources also allowed us to detect a putative beneficial habit of collecting rainwater for consumption. Despite these advantages the cross-sectional design and the collinearity among some of the water source, sanitation and socio-demographic factors constrained our ability to make clear causal inferences. Our decision to exclude factors such as hand washing and types of water storage limits our ability to fully understand all sources of variation in household water quality. We did so to focus on the ultimate or structural influences at the community and household level. Because of the relatively low rainfall in this region, future work should also assess seasonal changes in water sources and reliance on multiple water sources. Our unpublished qualitative data from individual interviews and focus groups indicate such seasonal variations.
Despite the few independent associations of water quality with socio-demographic variables in our results, we believe that socio-economic factors are likely to play an ultimate causal role in the pathways that increase or decrease exposure to poor water quality. Further analysis using multi-level modelling may show how neighbourhoods and households structure the influences of water source, toilet type and waste disposal. This seems intuitive given the overwhelming role of poverty in developing country populations in determining access to basic infrastructure and services. But the challenge remains for ecosocial researchers on water quality to provide inferences about specific water access, use, storage and consumption behaviours at the household, neighbourhood and village levels which are likely to be structured by social and economic variations. Future research is needed in our study area about individual level behaviours related to drinking water collection, water storage and sanitary habits such as hand washing and use of soap (Trevett et al. 2005) .
CONCLUSIONS
We conclude that poor water quality is widespread in this area of Ghana and speculate that there may be a substantial 
